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ABSTRACT 


The determination of the effective mass and the damping of 
marine propellers is essential to the analysis of the longitudinal 
vibrational characteristics of a ship's shafting system. Effective 
mass is the actual mass of the propeller plus a virtual mass due to 
entrained water vibrating with the propeller. Our object was to con- 
tribute to the solution of the general problem by making an experiment- 
al determination of the virtual mass under operating conditions, 
Damping was to be measured coincidently. 


Propellers selected for testing included a set of merchant type 
propellers with P/D values ranging from 0.8 to 1.2 (l bladed), a set 
of DD type propellers with a variation of P/D (lh bladed), and a set of 
DD type propellers with a variation of P/D (3 bladed). Operating condi- 
tions (in the MIT Propeller Tunnel) were attained by driving the propel- 
lers through a torque coupling having small longitudinal stiffness and 
maintaining appropriate water velocities, The propellers were supported 
by a shaft and housing which were principally supported by two sets of 
pairs of converging rods, so arranged as to allow longitudinal motion 
of the housing but constraint against any other movement. <A step longi- 
tudinal displacement of the propeller and housing caused a transient 
vibration which was recorded using a strain-gage transducer and recorder. 
The primary longitudinal stiffness of the system was related to the 
stiffness of the rods in bending. A longitudinal stiffness constant was 
determined which related the mass of the whole system to the square of 
the natural period, Using this relationship the mass could be deter- 
mined by observing the period of vibration, The original decay was 
measured from the tape record of the transient vibrations. 


The virtual mass was determined for each propeller along with 
the damping. The data for virtual mass was corrected to account for 
the degree of torsional coupling. These data were correlated on the 
basis of four parameters, pitch ratio, diameter, mean width ratio, and 
number of blades. 





The following conclusions were drawn: 


1. WE = 5,775 | (1.350-P/0)* + .226 | gay” we? wwrte43 aps. (1) 
10 


ersw 
0.75 P/D 1.25 P/D = Pitch ratio 
= Propeller diameter (in.) 
N = Number of blades 
MWR = Mean width ratio 


2, Virtual mass as a percentage of total weight of bronze 
propeller blades (blade thickness fraction = 0.05) is as follows: 


P/D h Bladed Merchant 3 Bladed DD 4h Bladed DD 


09 71% Th 12% 
1.2 Whe 1g 2% 


3. Values of virtual weight under operating conditions were 
Significantly less than static test values, 


lh. No consistent variation of virtual weight was apparent with 
a variation of Jd, 


5. Damping factors were about 1/3 theoretical values. 


The following recommendations were made: 


1. Compare aluminum and bronze ree propellers to investigate 
torsional coupling. 


2. Run more propellers, including some of varying diameters, 
3. Investigate damping more thoroughly, 


ll, Investigate variation of support longitudinal stiffness, 


Thesis Supervisor: Frank M, Lewis 


Title: Professor of Marine Engineering 
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DEFINITIONS 


Damping constant of propeller and support complete, 


2c Wa (lb sec) 


g (ft) 





Damping constant ef propeller, B_-B_ (1b sec) 


: 2a + wt of hub and entrained water 
Damping constant of support (W. ) 








g 
(lb sex) 
(5) 
PnD7ak 
Simple theoretical damping constant, t (lb sec) 


(ft) 
Torsional coupling factoy 
Diameter of propeller, (ft) 
Diameter of propeller, (in) 
Heignt of bromo=benzene and water column (fine scale) fox 
computation, (Cn) 


temoerature effect. (This is 


C3 
t 
: 
i) 
C3 
er 
ch 
er 
ae 
ef 
pte 
‘2 


Lets of colum dus t 
negligible in its aprlication to the experiments but the ccrrec- 


of. .§ Tay , eed yee . ° q , des baa a) 4 ‘ 
bion is a chapacteristic of the MIT tunnel.) (mm) 


cy *% @ e 
Parameter of propeller operation, <5 (dimensionless) 


a 


¥ rE? e Cs oPvussy ) 
Thrust aeeeatiee A (dimensionle 


pr“ 


re 
ee 


Longitudinal spring constant, 44 


Torsional spring constant, + in nib) 
OG rad} 


Shaft revolutions per minute, (rpm) 


Shaft revolutions per second, (zps) 





Er 


Pitch of propeller, (ft) 


Pitch of propeller, (in) 








2 
Slope of plot of W, (or weight added) vs. = ate (1b ) 
nt? (s =) 
e ec 
Observed period of vibration, (sec) 
ue 
Natural period of vibration. T = 
nae oS ee 
y>* ae 
Sa 
LW 


a 
Temperature of water in tunnel, (‘F) 


Water velocity, propeller speed of advance. 0.41456\Jh 


(ee) 


Apparent weight of propeller and support complete in water. 


corr 


(From peviod measurement), (ib) 
Apparent weighs corvectsed to condition of infinite torsional 


stiffness of coupling C, W, (lb). (We as used in this equation 


ii 

was the Wo (average, operating) as tabulated in Tables III - XII) 

Virsual weight of water entrained by blades, W_ =W_-W.-W_ (1b) 
aa aca Ss 


Virtual weight ccavected %o condition of infinite torsional 


stiffness of soupling, oe = W AW, -W 
corrected 


Weight of water entrained witain hub avound shaft, (1b) 
Weight of propeller, (1b) 


Apparent weight of support in water including water entrained 
in housing, nose, and propeller dvive collar. (From period 


measurement), (1b) 


=| 





Wi = Weight added to shaft in excess of nose and collar, W + Wy (1b) 
a Reciprocal of time constant, exponential decay. (Gee 
2 
Pp = Density of medium. eee, 
(ft) 





INTRODUCTION 


The determination of the effective mass and the damping of marine 
propellers is essential to the analysis of the longitudinal vibrational 
characteristics of a ship's shafting system. By definition the effective 
mass consists of the actual mass of the propeller plus a virtual mass 
due to entrained water vibrating with the propeller. In the process of 
analysing the shafting system it is necessary to make many @mgineering 
assumptions such as the degree of fixity at the thrust bearing, the amount 
of structure moving with the shaft at the forward end, the yielding of 
the ship's hull, the inertia of the water entrained by the hull, am the 
effective mass of the propeller, It was owe object to contribute to the 
solution of the general problem by making a more accurate determination 
of this effective mass than has been made heretofore, 

The only previous determination was with free=-to-rotate non-driven 
propellers immersed in water and vibrated axialiv, (1)> Our apparatus 
was designed tc determine the virtual mass of propeliers under operaving 
conditions, that is, rotating anc delivering power, The method was such 
vhat it was also possibie to measure propeller damping. 

The basic instrumentation probism was to support the propeller sc 
that it was free te vibrate longitudinally (along the propeller axis) 
and so that torque csowid be applied tc drive the propeller. The support 
system as illustrated in Figures II-VI consists of a 12 inch section of 
3/l. inch stainless steel shafting supported and longitudinally constrained 


by laminated bakelite bearings at each end of the bearing housing, This 


ee in parenthesis refer to references listed in the bibliography. 
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Figure I 


Operating position adjacent to 
tunnel showing Sanborn Kecorder, 
{nitial-displacement-wire, (arrow), 
and tunnel window for observation. 





Figure Il 


Propeller (Merchant Type) in 
operating position. (Flow is 
left to right.) Note initial- 
displacerent-wire and leads to 
strain gages on the nearest 
rod. 





rigure III 


Exploded view of apparatus 
showing three different 
propellers with associated 
collar (thrust) and nose 
assemblies. 





Pa | Te 








Figure IV 


Exploded view of apparatus 

showing collar and nose assemblies, 
thrust collar, torque coupling, 
shaft, support rods, and strain 
gages. 





Figure V 


Apparatus assembled except 
for propeller. 





Paeeure Vo 


Apparatus assembled and 
installed in propeller 
tunnel (3 bladed DDLLOG Type 
Propeller) showing torque 


coupling and initial-displacement 
Wg Cie 





ee 





housing is a section of bronze pipe 5 inches long and 1.7 inch outside 
diameter which is itself supported by four 3/16 inch steel rods 12 inches 
long. The rods are bolted at their upper end to 6" x 2" channel beams 
rigidly secured in the propeller tunnel. A collar is keyed to the shaft 
and drives the propeller through dowels. A nose piece is screwed onto 
the shaft to seat against the propeller hub in order to hold the propel- 
ler securely against the collar ard to fair the approaching water flow. 
To the driven end of this shaft a torque arm is keyed. This torque arm 
is driven by four springs connected to a similar torque arm om the driv- 
ing shaft, The radius of the torque arm is 2 inches and the effective 
torque radius of the springs is 1.2 inches, Typical tested propeliers 
are illustrated in Figure V. 

Propeliers having the greatest variation possible in pitecn/diameter 
ratio and mean widtén ratio were selected for testing, One serles cone 
sisted of five merchant type propellers, two bronze, three aluminum, hav- 
ing four blades, a MWR of .248, and having P/D ratios from .§ to 1.2. 
Five aluminum destroyer propellers of three and fowr blades with MWR of 
e565 and the same P/D range were selected for the second geries, The 
propellers are fursher described in tables III to XIII in Appendix A. 

To make obsexryvavions the entire sieport system was excited by a 
step displacemerrs from the steady state. The signal from an SR-4 strain 
gage transducer attached ts one of the rsds was the inpus to a Sanborn 
Recorder, The recorder produced a trace (see Figures VII and VIII) 
which is a measure of the instantaneous longitudinal position of the 


propeller, The time for each complete oscillation cf the trace is the 


damped period of vibration of the system, This period may be simply 


=e 
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related to the longitudinal spring constant of the system and to the ef- 
fective mass of the system. By analyzing the variation of the effective 
mass between runs in air and in water it was possible to determine the 
added or virtual mass due to operation in water, The effect of torsional 
coupling was introduced into the results, 

The damping constant is determined by analysis of the exponential 
decay of the displacement trace, Equation 1 was empirically derived to 
describe the curve resulting from a plot of virtual mass versus pitch 


ratio of the propellers, 


L—] 








PROCEDURE 


General 

The general approach to the measurement was to compare the natural 
frequency of the vibrating system in water with the natural frequency of 
the system when in air, The frequency and damping measurements were 
determined from the transient response of the system following a step 
displacement from the steady state, These measurements were obtained 
from the trace of a "Sanborn Recorder, Model i150", The input to the 
recorder was a half-bridge SR-l| strain gage transducer which was attached 
to ome of the vertical rods which constitute the primary longitudinal 
spring system. 
Method of Excitation 

The system was excited by manually displacing the support system 
longitudinally from its steady state position, This was aeccompliszed 
by puiling on a plano wire which was connected to the support system 
throwgh a system of fairleads (Figures I and II). When the piano wire 
was released suddenly, the systsm response was an exponentially decaying 
sinusoid. Caution was taken to ensure that after relsase no tension 
existed on the tripping wire, The lengitudinal displacement prior to 
release was approximately 1/8 inch. 
Mesnod of Measurement, 

Figures VII and VIII show a typical response. The period is deter- 
mined by measurement of the first several cycles of the decaying sinusoid. 


The first cycle was omitted from this measurement. The exact number of 


cycles measured depended upon the rate of damping and upon the "noise 





level" of the system. This number varied from two to five for runs with 
the propellers installed. The average number of cycles used was four. 
The inverse time constant of the exponential decay (a) was determined by 


use of transparent overlays. Since the damping ratio (a/w = at /2T7 ) 


was always less than .1, no correction was necessary to the damped period 
in order to obtain the natural period, 

The data tabulated for each "Run" represents the arithmetic average 
of the data obtained from no less than five excitations under the same 
operating conditions, The excitations for a given "Run" were made within 
approximately fifteen seconds. 

Calibration of the Support System 

The propeller supporting system was calibrated in air by adding 
known weignts to the system in lieu of the propelier. The square of the 
period thus observed (Table I) was then plotted against the weight added 
(Figure IX). The straight line thus described was then a measure of the 


longitudinal stiffness of the spring system, i.s¢.AW/A - =S=k2/h T =. 


Furthermore the extrapolation of this line back to zero period (Figure IX) 
then measures the weight of the supporting system in air, This weight 
was found to be 4.894. 

Each time the system was installed in the tunnel the calibration 
was checked by observing the period of the system with an added weight 


of 6,562#, The ratio of apparent weight to period squared (w/t = S) 
was then calculated (W. being 1.894 +6.562#). This value of S was then 


used for the runs made during that day. The slope was checked in the 


same manner at the conclusion of the day's rungs. 





level" of the system. This number varied from two to five for runs with 
the propellers installed. The average number of cycles used was four, 
The inverse time constant of the exponential decay (a) was determined by 


use of transparent overlays, Since the damping ratio (a/v = at /2TT ) 


was always less than .1, no correction was necessary to the damped period 
in order to obtain the natural period. 

The data tabulated for each "Run" represents the arithmetic average 
of the data obtained from no less than five excitations under the same 
operating conditions, The excitations for a given "Run" were made within 
approximately fifteen seconds, 

Calibration of the Support System 

The propeller supporting system was calibrated in air by adding 
known weignts to the systsm in lieu of the propelier., The square of the 
period thus observed (Table I) was then plotted against the weight added 
(Figure IX), The straight line thus described was then a measure of the 


longitudinal stiffness of the spring system. i.e. AW/A a =S =ke2/) 7 ed, 


Furthermore the extrapolation of this line bask to zero period (Figure IX) 
then measures the weight of the supporting system in air, This weight 
was found to be 4.894. 

Each time the system was installed in the tunnel the calibration 
was checked by observing the period of the system with an added weight 


of 6.5624. The ratio of apparent weight to pericd squared (w/t * = §) 
was then calculated (W, being 1.894 +6,562#). This value of S was then 


used for the runs made during that day. The slope was checked in the 


same manner at the conclusion of the day's runs. 





=m 
ay) 
zy = O~ oO = - ~O LN Sah ~) aN rc Se. 


a We 


Eee BEDE RAR BSRBRPSUST FS SLBA NESP? SD RRR RAE SAPRAeADA 
GORD RBNOSRBRSNeRaRee USRERL SE BBE EE AGE! @ UPPER ARAS PRR SHD EEE FB PATA PAW ESA 
ERELORCOER ASRS QATAR ERUESER DeRSS RED PEPER PHL SESSA SPEAR DSARALAA 
Barly ct datr—2h it BRE BBS eURU RUN AATED PRO RAE RARE BEAD REE AR eS SRE 
GSt.aJtE- Ol) _ SS dR BSRE SRR RARESE LASER RAAAE DALELPLSSR BASE RSSECEE PARSE ES PRESSES 
Ht ED tg HU |} EE GS FORRE REBAR SRST T AREA AAT BPA! 
a ia 
Bee ale lel sara RRR ERGRERATA G DATED RARDN ABDARSVARE BUT ASRRELS RECAPS AREReAS 
BSLeJtBcaSls © (he ERESR BUSS SRASER RPCERARUNR CURA DANDA POLAR LHCED BARDS EADASARBEAD 
"C88 BOSH AGF =" IBA PERRARADSS PASSRSEALE DRASR SSAA PLA ARSOERE SSRAERSBEEE BSRRRSAe 
Bi C. TOUSSCE HCeEh PERE DRRBR ORAS PALER E RARE PALER SLASH DURE BREAD DECEASED 
H.. (SAVERS. VOT T GREE DEBITED AD PRESSED E DARA ORAAE AAAS SSAED RENO IS MHS 
eee db OE EE ER A EH HHH HEA 
a 


HEY SEs d Soscccasts secceseeua Seesuesens sestesseLs Easssccauaceseeeuss 
sues seesseuces Cesceshses sesccccees sesesusess sssscesses sotescsses 
Gases Stans sesssensen ssassenss secesseses sssesseses seesee 
S Seeceaerer seerere 
Peete ptt ft tp eet ee prota teet ttt ys 
ass Svs sucess seceeusses SuaStUseed SscESSESCS SESS 
sess EEEEEDESES Ce Geaassea ctdasssaes sssassaess sasssssses ssssssesss sseseaeee3 


200 »5 VOEGRR BAGDD ERD CAS SORA AD DEUCE NODE BRABRESEAS DER ROSSER UeETeA 
SOR 4G G0UEE BERD DORR PASRE REESE BLERERSONS BARE ROSEEE ARS SSSRS BSS eRe 


Sete SeCEs rseassusasuisas sascsavaes senssesees sseesevats esses evees eatteadets t3t SHEE 
saussnony ronrsbrabn verseeras osen2very Seezoctses strseerers Soeversen seeracerss Strstnasts Sustoszses fuses soars Cher sery tutvasezss rusbeeetas Seteceeecs setseesess 
SS €SeGeneese seeanaaoese 


HORSRGRORRERHE Il FEL BRRARREDAEERRSACKLAS SRAPABATER SPRRRRESAG LOR RR REE S SRE AREER 
HRUDE SSERB SHOR LOE PRB EDDD ESTOS PESAE CREE ERPS BPRRUSERESS PAC RR RSA PAS weaRooO 


SERRA ERE BROCE MARERNMENRSRHEFi tate cr Pees arn an SS SSS SSS SESS SS SHS ESCH SESE OFF Se CUS He HSS SSEEE CSCSESSAASE ESSA SSSR 

BRR REREET BPEL EE BESS E PERERA RSS CESETSSTSS SSHSSSSESES SSSTASESSH SSKSSHSSCEES CORSET SGSSS SHCKETEEES SEEGHGHASS EHSAZASEEE 

SRR RERERE SERRE REEAE COPA RERSS SSSSSSSFSS SSSSS SASS S SHSTS SHSSH SER SSHSSSE SHE ESEESES SHASE HCAS CHLAGKSSHASE HSLAB STS 

TIT TETISITTiTTIITITiFiriti cil ie errr rye erry ee TT TL a i 
BSRRESRREREBREUEE REVERS eee SSS SSSSSSSSEE SSESSTSSTES SSSESSSESSTS SHSSSSHESE FHOSSESEHDSS PASSA ACESES SHASTA S PECESeEcaes 
ERBRREEE BRE RSEERE CEP REREREE BERSRSSSSS SSF K SC SSCSE FS SHSSS SASS SE SSSSS SHEER SHSHSCSHSESE AHSKEAAESE SESS HSSAEE SHES SSCVSS STSCETecree 
BSERREEE DEVRRERIRE PERRERKERE PERE SSS SS SSREESSSSS SSHHSSTSEE GHSASTEHSE STEPS HSSHE SSSCHRHAASAE SHSSRHSTTSE CSCS S CSAS Seesstesserse 
GUSERSUDRSARADARRPEANA PREVA BREEDER EERRRERSEOUR CREB PPT UTITSL ALIU LL ELE LIP LILIA I LIR II III hee PT eT 
RET ASRAOR BABAR AREAS SHR PALE ~URERERED BERR RRS RRR TTT TIAGIO TTI LIL EEL LLIG RII III Ie 
BEG R BSE SR SAREE CESSE SESS BeOS SPSS SSRIS BS. AAS OBES SSS BREE BOE BRBBBBMBOMOMIT. «rine wwe a SHS ESSE SSS EESSSES SSSESSESSS SSSA TSSSSTS CESSES SSSSTSE SHSSTSTSSETS Seta eseene & 22S Sees ee 
BRR EBUARE PRESSE PRR TARASA SRAR.. WCE BARE RRONE PORAUARTRA So lSs SSETE SHOSHESHASTHE SSKAHHASES GASFSERESH SSHSTSSSS SE SHPSTSSSST SCHSCASSCSHSS SCHCSSTSSts esesseeees 
RERSARUIRE RDROVSRHSN SRA SDs BERERh— CEE SSERBSEERE RERARRRARPSSSSE SSTSE PESKSCSSST SR SSCOASSSSS PSSST SHSSE SSCSSASSSS CASHES THSTHE SHHHHSSESS COSTE SSETE SHESCESSETSS 
ER UBB SE DARALREAED SURAT RET eA tt Et Bt pe et pte ete ptt pt pp et te 

s 


= “ 
st 


Sean een% 


Seaeaar 
ESSE 
LT ily 
Lit ¥ 
aar 


HSE SRBRALE RASS ARARSA AURAL SEE OSS BPCCST CEST SCRE CSCSSSS SSCS HSHSSe SHOES SSESE SSHHSHASAE ASCES ESTHET SHKRSSC SLITS SHASTA SSSSS GESSTSGEEE 
DBSRTESEERR BESS ROSRRS ASRFARABHA DA 
HROTEROASRE BRR RADE FAASRAAABAAD 
BSRORRORARDSSVER TEER SURSORAREA A 
DBSABRRAAT SVAER EARNER LEPASRRAHAA 
B SRRES SURES RORAS Hh < AROS KSSES SHOKHSSSHKE CHSSSSSSER SSSSSSASSS SOSSSSSSSS SSK SS SSSSS SSSSS SSSHS SHSSSHSSSS SERGE SEAT Ceeee eeeEe 
aa tl ae ee VES SS SH RS F2OSE SSSSS SSTESSSSSS SSSSGTSHFES GROSSES SSSA SHSSSHSSHS SSCS OATS FCOSCS4 SESH £64484 42446 646846 U5E8 
BEDS B 
BRR BREERE RP SN 

BRESREREEE BhE!  PRk “6S SCSTSTSSSCSS CSSHSCSSSTHS SSHSSSCSES SCHOSCSEKSE SHKLACSAGSHS AASOETACSHE SHASTHSCSS CHTCTS ES Hse BeeereEssee 
- BMBRSRAE REMARNEA. “SSPE CSTE CESESSSSAS SSHCSHSOEE SESEGEHEEE BHCC R OSES POSES CHEESE SECS TESEAE CHAS SSAAS Heese eesee 


@ 
4 BERRBAEE RERSERRRERS. 48SSSSSES SESESESSESCRE ESTEE BSS SSC SE SHTHSS SSC SHS HHSSCT HASTE FP SSS SSS E046 2EH 4S 268 


SRRRRRRNE PRRRENEBAR Ge “4OGSSKS SHSHASHEEE SEHEEHSSES CHTSSTUSSE STO SSSSSSS SSSTSSSCSCSHS COSTS SCSESS SCORGeteees aeeeeeetee 
HDS SEES eSa0080 PERE SEERA 


BBRUEBA TTT TTT rrr TTT aries iliiitliiislisiililiis sii aa 
ERB SSR EUREASS SHR ERSAAS BSR RREE RR RRR ERAREEE RHRERRRAREAE «Xl (SSE SSRESSSSSS SSSSSSST HS CS SCSSS SESE SSSSSSSSTS SESS SESE SS SHSSS SH TESS SOteeeeess eseeeeetes 
ERERERRBSE OE CERER SBE eee eee BERR RRR EEG PERE RU ERR ERK Sk 1S SESE SRETHS SSE SSSSSES CHSSCSHSE SHKCSTHHSSe HESOHeeses SOSCeRSSSS Sesee esses 64888 SESE 
ERE ESEE SRA CRSTERE BAAVR ARETE PECK AS EKER BARRA RATS BERRA MRARRSKEARes ss. SSC CSSSSS SCSSSAASTHS SHSHAS THATS SSS STSSSCSE SESSA SOSSTS SHSSSTSSSS SHSFH HSH SG Gases eases 
BERS S SERRE RE SES PER ER ERR ES SHOE E RAVES BAPE SEES PERSE ARASH SAR BEMEESS , “SHKSSESS SHSSCS HALES OHSTE TERSS SHKHSSSSTS SUSHSCSSSSE PHT SSS SOGS SHE SeesEse Seeeseseee 
BD BREE RAS EE BERR BREESE BREEN RARER BORER RRS BEER REET BEER ARAkas he. ‘SASHES SHS SSSES CHESS SSSSE SHCSSSSETS CASTS SETHE SHSSSSSESS SSSEEESE Se Seeeseeees 


| 
De EERE E ERE SERS R RENEE SERERLERER BPRRORAARTES SHEER DUSK R HHS SSUREE LGRe. SSS SSCS SSSTS SHSCTST SST SS SSSTOSSSES SHSES SESTH SHHSSHSEKS GHSSHGSHas Sesseeeee 
} ft tT EE pp a ny ee ad we np 
@ BERES PROD ECHAR REDE R REARS BRERA MEARE CRAPS SHR PARAS SS. “8 SHSCR SSS O2L46 CEASE SSESSSAEES PEPHG SESEE SPKSHAEEAS CSRS RSTPSS FASET SCS 
a DORR BEDUR BORER BEBES SEER PERE BROS Cee ee Coes BaD SC Re eae tee Saleen ae nee pas eee nite one eeaeee cae 
BEE SERAESERERE BERETA ENS REVERSES CARA anes - 
DEDRELAEOR BRECRRERANT PURRADADAR AALAND BEY 
BERR TERS BESS GC DEER PEDAE DSAEE SSAA 
SERRE REE EE DERE SRASE BRERA eRe 
SERB EERR RRR BERR 
SHB SSREREG BRE RE REE 
ERERE BERR 
BH 
an 
a 


EE) ie 
ee 


@ EE STSHSSHAEE SHKLSSASSSE PTS SECS SPHSSSSESS CSESS SSS S POSES eeseEs 
BEPAEES, [Ge 4 GHSTE SHRSE SCOTT SSSSe CSCCTT SESSE SHOES SSRs CORE eseoss Seeeseseee 
BRERSRALS SESE “SCSS SPSS SERS CSSTS SCUESTS CESSE SHSS SC SECES Gebes £O006 HSS eeSeee 


aam wee 
ABA BEOERE SERSEBaaa ges 
HEB EGER PHRREEEEB aan 
Sak REGED REPRE SEE San SBERSS SCSSES Se “SR SSCSSASESS OHSAS HASSE SHCESSEEEE CHLSE SHOSS ESSA SSSS 
BOB DHBRRO BABAR PA Run BERR EEES SSSSSSES. “SHSSSHSSCHS SHLES SESHS SHOCSSHSCSS CHCKESSESS LASSE SSESES 
He RS RED BATE RRRDOR BERS Seas BBEE SERS SUEAS SASHES SKSES. “HSCSHSSSS CSCTESSEHS SOKSSHSCH ES SHCSS SST SS PETES SETea 
SREB EES EE BORER EREEE PEERS R REESE REA SO ROE AE DEBRA ERERRR RRR RR RBRAM A ete PRA e HFHEER SE RHIEAE HAF HHRADEPIARTHFOATATTSRVSSBACR ABE 


BBE SSAA PARA EREGAS PENSE HKALE SSKSCSHHSHSS FAH. CSASSH SOGSLHSEES HBHSATHCSHHE FASC eeser 
SURARES RHEE EPR RES REAR RRESRL SETS TSS S PSTES “TASS SHSSTSSETS SHSTT CCHS Sees Ceses 
BER SEES BERE SRE EES SERRE RAARE RA SSESSSSS POSTERS. “SH STCSSTSCPSS COSTS ETO Ee Saeeeesees 
ERRORS BERS SRREES PRASR RARER EERASSSSSS SESHS STS. “SSTSTSSCHSS SSSSS Seees Sees eeeen 
MBO BESS SEERNE PREPS BBERE BEERS SSSE SCSSEA CESSES COST SSESS CFESS CSSSs SSeeeeteee 
eS 6 eS ee Sane eneenndansneae. SEES SSSSES SSSES CVSS Sees 
SES BEES S REESE SERRARERRERRRES reece SEG SESSe boas “HETES GESHSHSHSS SCCEROAEEE 
RR BREE BRE eee SESKLECSE SHHAE. “8EE GHCTTSETSHS FETE Seeas 


a 
u 
° — SRRERE BRRORD SSS PSSST CESS SSSSHSERH ~ SHREGESECESE BESET SESE 
BOS SSSR ERSRSH secs 
CLL ee 
(Tet ees 
RES ES Se Eeee Poe 





t 


Oy cO ~ aN 4 & — aw oo a UW Oo 


i! i t ' I t 


~O LN ‘ 


002 00a OO be O00G—-O20 20l2 pOth—~OLO—eO3—2020 


QO 


TS (sec.¢) 


~2] = 





The virtual weight of water and the support damping associated 
with the oscillation of the support system when immersed in water was 
determined by use of a dummy hub equal in size to the hub of the merchant 
type propeller, It was found that for the range of water velocity used 
in the experiments the virtual weight of the support system was indepen- 
dent of water velocity (see Table II and Figure X). The virtual weight 
of the water including that actually contained within the bearing sup- 
port was found to be 0.3134. The virtual weight of the support in water 
with the merchant type nose and collar piece (Ww) then equals 5.2034. 
This value was used throughout the merchant type tests, The support 
damping was found to be dependent upon water velocity and its relation- 
ship is plotted in Figure XI. 

The virtual weight of water and damping for the support was assumed 
to be the same for the destroyer type propeller installation, Due to 
changing the nose pieceand collar for the DD type propeller, the virtual 
weight of the support in water (w.) for the DD type propeller is then 
4 503#. 


Calibration of Recording System 





Since the "Sanborn Recorder" used has paper speed errors as great 
as 1%, it is necessary to correct the measured period for paper speed 
error, The recorder has a time marker which records one second intervals 
on one margin of the recording tape (see Figure VII). Since the timing 
device is an unloaded synchronous motor, the time marker was assumed to 
have only those errors caused by line frequency variations, The lire 
frequency was monitered and runs were made only when the line frequency 
was 60cps # 0.02cps. On this basis corrections were made only for paper 
speed error. 
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Figure Xl 
Damping Constant for Support vs. Appr 





ee 
| 


90 


if 
uN 
uF 


oa 
Se 
‘ 
/\ 
HN 


wk 
i 
Y 
+ 


anp 
. 
: 


° 8 5 Sosy eeeuu sancseseea Seseeseuss sessenies SESEsESSEs seseeseens fasteseset sessseses ceucsussszssesssenss 


Super < 
6.1 SSURIHENS. COREE Suns ceeee a SSRI SSEREE CURSE OAS 1 RE ROST ESSE Esa B 
Sua GR088~ 448 


O 
nm) 
(@) 
ais 
(cD 
sr 
Py O 
ee © 
fils 
; ct 
ed 


rit ity 

A 
oh v 
THT 


BSTaR 
Saseuannsssnsasensus BL BE 100e 30 0oosenanao BUSTER SERA SAREE IOSE 1 POSSE ESS BS 20 ISI BGSSORSC IO 11 TORIES 
ees BLS SS eae ESE Se SBE Sasa TIao a. ™ & Le EBPLSSELA SLi EASE EE DS 


Sones BERSESETTS SLL ———— }— a Hews) BYRSR PERCE L Ae x - HEE EP iD | me 
BxlwasgaeE aa GRSSEE IF B 


BSBA e R2URRECLER REDS TSERE PReU Tees quaeeaer 4 iasegan = Sum! ee 
seuEgegued oe =~ SIRS UTDSESCCESRRERSaRA See, a He = 
Pett Sr ano BASES GOUGSES CSUs ELSoSee OLS s le BeSSeeer a7 
By eee sresaias eieeeiiauiatzzssere Sar /dsszess 





a BaERee 
SLUR ETP C CSRS SSRS0 DO 400 RSA FRSCRISITO SCOT SSR ED BOSSA LROSE SeewBaeecdo 
BmeSo a Saree 


»75 cee Seep ESE EMEC 


GEST SSSA ARSIOVMGes) BHGSHOCemC GGL JR058) SBE SES SSS E85 BERS SOAS Gee Semen BaeRae 
EUESEEAMERERREVEREE _WOERREERRL EE _ERRS CRBC SSRER PRR SAR ME BC Rees 
pt pe CY’ 4A BSCR PLATE BREED CULALODUSH COLAC RELA 


£I@a0 
ESSE TSC PASS ESORE BURR SESSRL 4B SRR ORAS EAE ES ORS ELASD PCULLOC SAGE ClICAS LIAS BEAL PEC IIe aii 
BEE UAL REWRCSSUS SHCRSESAEL . VOU RAR COPAISIS CS FRSLAIOTIO 7 BLL FSOE LASSIE LILA Gl LLU 
SHEERESTSAUL CURR SSSET BSESRESA AAS OSESS ROCCE TEESE PORE RASHES FORSREET USES TA) SEPA 8 Be 1 
a BERS@E BREET BDESSUCLONY ANB BASED SRORASSHAS EROS PSI CHSC. BO a SeeneeseEn ERS EBERLE ELS 


GEN S0 DRESS S28L3 BESO’. DER SESOS SLASAIRSSRE OBSTALOCTS.a 


2SOSBE RSI DE f EEE. RI ESLAEEIITS 

Peete BESSSESURU GRSRSRL7 SUOBBEDDEESS SOARS ARTER CRATE COS CARAS San eee PEPE Tees 

SRERERDD PORDAS D CORRS ALCOA RARHNA POR CURSES POOCRSOCTRD CDA SSH COCALO ALI LISS 

BSSUSERUFS LBS REP PERCE” RIL OBAP OCT BPO CWESRTD UASVARSOOS Cee BAN eS RSERF? QUITE PPM Oe tes 
BEGGS BUSES EDI LEE BAR ED 


a Pie: 


‘ 7 O BESS S2SSaESSTaSSCES BEESE) I1SBSORBERH CAAA SLLIDSS MM BORESASOOL I SRR SSS SSS Ee See 


WETS | bE SPURS BEES (PSEA ERREAHRAES CSCW SETAE EWR ES PKS 
ONC” USEORED CESS SRSUU CPESNS OSE VT EDS seenes TaacC1El ioe Tae 


ULWE EE SaRS PORDAS BSERD SERED Seneeeeee 
4 ee pr BP” 458 FED SEER DASA BRAG CEGRR CHRCOSURSD DARN GORE GROSSO CORLL oO Ba 
—— BeDaSe Bt FBOCOCOSEl ORS BETAS DA CSURAISTU TS CVAD LSASA IL THAT BELA SaI9aS ——-+ SG Sala FRETSSEE PS 


pee @* 40 2S8ER0 [RES R0ONTD GHCESSSSCo COs seTSes EE —- 


BRORRSSECEEEL UI 7" VRRORESEBE BRERA LH BOR BO VEIBSRAS CIARA TO BCA LSE WEEP BETIS 
GODS SERRE WHE SAVE ISS POL STE 10 LASS Feo Ocenoune ou GEICBET Ta 
SBSSSS2 28GE REHNAL SERSE SERS TUTSR RSH CREAR BOLE BRIAR ASE TD OME BAG Pessoa ew 





65 Seranasue danas svasacsatceresseesesatetassrasssaterss etsetatet farts 


SScscsececacensacsss sasssseeessesssesses esane 


Sessseccssewensssees sussstemsssssantesss 





oseSe 0600600000 caa00 £5264 £4466 62520 82880 £268) 24244 Gabe Chee 
BOS68 66646600085 02284 Saeaeesess caeeesesss a4ee0e0e88 JES CES CSRS REN AGeH OT Tee 
a5 9 $14444-4+ prt ee pines pes teen fase tte et + = ety tt eee Be retort eres 


0 14,0 egw. oe 
Weber c./sec. 


u.0 


= 


rae 


O 





Method of Calculation 


The value of T, which is tabulated in the tables of data was 
corrected for paper speed error only. 


= 2 
Then: Ww. =S x Ty 


and Wo = Wi ~ (WW, + WS) 
To correct for coupling between torsional oscillation and longi- 


tudinal oscillation a torsional coupling factor was determined (see Ap- 


pendix B ). 
Then: ee corrected > eae 

1 = as ae 
and Lee We corrected (Wa W.? 


The value of a which is tabulated on the tables of data was deter- 


mined by means of transparent overlays. 


il 
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Thens B 


E 2a W./8 


and B “= Bo ~ B. 


The theoretical damping constant (b) was evaluated from the equa- 
tion (see Appendix B ). 


b= : pn? aK, 
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oe Iso 





RESULTS 


The data are tabulated in Tables III - XIII of the appendix, 
each table giving the data pertinent to and the characteristics of a 
given propeller, Each propeller is identified throughout this paper 
by its respective MIT number, In Figures XII - XV the number next to 
a point indicates the experimental run from which the point was deter- 
mined » 

The torsional stiffness of the system (ky) for the runs above 
200 was 7.34 im#/radian and had a ratio of longitudinal frequency to 
torsional frequency of 5.1 for the bronze propellers and .4 for the 
aluminum propellers, The runs numbered below 200 had a torsional stiff- 
ness k, = 86.5 in#f/radian and had a ratio of longitudinal frequency %0 
torsional frequency of 1.55 for the bronze propeller and 1.31 for the 
aluminum propellers. The determination of these ratios was only for the 
merchary propellers and is more fully covered in the discussion of re- 
sults section. 

Figure XIE gives the determination of virtual mass for the mer- 
chans propellers in the non-votating static condition plotted against 
P/D ratio, The torsional restraint to the propeller was previded by 
the torsionel stiffness of the support and driving system(k,) and by the 
coulom friction between the system bearings and the system shaft. 

The upper curves in Figures XIV and XV give the resultant virtual 
mass in the non-rotating static condition for destroyer Pee aoricns ot 
3 and 4 blades respectively. All of these runs were taken with the 


stiff springs of k, = 86.5 in#/radian. 
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Figure XIII gives the virtual mass in the operating condition 
for the merchant type propellers plotted against P/D ratio, 

The lower curves in Figures XIV and XV give the virtual mass in 
the operating condition for destroyer propellers of three and four 
blades respectively. 

Experimental damping terms (B.) were calculated from the experi- 
mental data and theoretical damping constants (b) were determined from 
the formulation b =pnd- dK, /dJ which is derived in appendix B . Both 
b and B are tabulated in Tables III - XIII for all propellers where 
the necessary data was available. Curves of the experimentally deter- 
mined B which correspond to the theoretically determined values b are 


drawn in Figures XVI - XVII for each propeller. 
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DISCUSSION OF RESULTS 


Damping 


The comparison of the theoretical and experimental values of the 
damping constant of the propellers in Figures XVI and XVII shows that 
the experimental values (Ee) are about 30% of the theoretically 
predicted values (b). The only exception to this was found in propel- 
ler number 81 (bronze) which gave a value of B, which was 25% greater 
than the predicted value, There was no consistent variation of the 
damping constant with the speed coefficient (J = v /nd). More theoreti- 
cal analysis is recommended. 

Virtual weight of water without torsional coupling correction 

The virtual weight as determined without the torsional coupling 
correction is tabulated in Tables III-XIII and is plotted in Figures 
XII-XV versus P/D ratio. No consistent variation in W, with speed 
coefficient (J) was observed for the operating runs. 

It is to be noted that the value of W. determined from the 
operating runs is much lower than the value determined for the runs 
with the propeller stopped. For the merchant type propellers the 
latter values conform very closely to the W. as predicted by the Kane 
and McGoldrick formulation (1). 

In general the trend of the values of W. as plotted in Figures 
XIII-XV is to decrease with increasing P/D. This is the trend which 
would be anticipated from physical reasoning. If this trend had been 
entirely consistent, it would have been possible to conclwe that our 
calculated values of W. were a true representation of the virtual 


weight. The inconsistency is that the bronze propeller #80 with a 


~3)\- 





P/D of 1.195 has a value of W. which is appreciably greater than the 
value to be expected from a fair curve through the values of W. deter- 
mined for the aluminum merchant type propellers having lower P/D ratios. 
It is felt that this apparent discrepancy is due to the fact that 
the polar inertia of the aluminum propeller is less than that of the 
bronze propeller and is, because of this lower inertia, more subject 
to torsional coupling than is the bronze propelier, 
Before investigating the effect of the lower polar inertia of 
the aluminum propellers the relationship between the first approxima- 
tion longitudinal and torsional characteristics of the apparatus were 
investigated, A variation of the torsional characteristics of the sys- 
tem was achieved by varying the stiffness of the torque transmission 
springs. The runs numbered above 200 were run with springs of 


7.34 inf/radian and the other runs were with springs giving a 


i 


k 
e 


k 
e 


li 


86.5 inf/radian. Since this torsional stiffness is much lower 
than that of the drive shaft (ky = 2500), a first approximation of 

the torsional frequency of the system may be arrived at by considering 
the Ko of the torque transmission system alone, The Longitudinal 
spring consvant a has inherently beer, used to determine the virtual 
mass and is readily evaluated, 

Values of the first approximation torsional frequency and the 
Longitudinal frequency are determined below for one arbitrarily selected 
bronze propeller and one of aluminum. As illustrated in Figures XII-XV, 
the shift in the frequency ratios apparently had negligible effect on 


the amount of torsional coupling. (By comparison of 200 runs and other 


runs with the same propeller.) 





System #2 
Runs Above 200 
Soft Springs 
k, = 83.4 #/in, ky = 7.3 _ - 


radian 


Bronze Propeller #80 Run 205 


aye: a 
f, = REINS 7.42 /sec 


I, = (1.25)(.0706) = 0.088) 
ae telS /sec 
*L/_ = Be! 


Aluminum Propeller #7 Rua 211 


il 


“l 
ae 
ait L633 7° / 


rt = (.287 + .25).0706 = 0,038 
f, © 2.22 /sec 
*T/, = hel 

oe 


Torsional Coupling 


System #1 
Runs Below 200 
Stiff Springs 


k, = 89, kz = 86.5 


Run LOO 


HH, 
il 


1 . 
L T5500 = 7.75 /sec 


tL = Veoe6 
. ly 
i, = 5.0 /sec 
8 = 1.6 
lyf ° 
ty 
Run 85 


To make allowance for the variation in polar inertia between the 


aluminum and the bronze propel 


evs amd to obtain an "absolute" value 


of virtual mass, torsional coupling was investigated and a torsional 


coupling factor was derived, The "absolute" value of virtual mass is 


defined as the value which would have been observed if there had been 


~36~ 





no torsional coupling. 

Torsional coupling is a measure of the interaction of torsional 
and longitudinal vibrations, The greater the torsional coupling the 
less will be the amount of water entrained longitudinally by the rotat- 
ing propeller, 

Applying this to the experiments conducted it may be seen that if 
either the polar moment of inertia of the propeller or the torsional 
stiffness of the driving shaft (or coupling) is low, the amount of 
torsional coupling will be large, 

In the shipboard case (l) little torsional coupling should be 
expected, In our determination the polar moment of inertia and the 
torsional spring constant are low so that some torsional coupling is 
anticipated, Therefore a torsional coupling factor, Crs was derived 
by assuming that the experimental determination corresponded to a case 
of high torsional coupling and that a correction to the condition of 
low torsional coupling was necessary. (1.4. Ky = 00 ), 

The basis for this torsional coupling correction is an unpub- 
lished paper by Professor Frank M, Lewis of the Massachusetts Insti- 
tute of Technology. (See extract in Appendix C). 


The derivation of C, and sample calculations are detailed in 


i 
Appencix B. The values of C, varied from 1.02 for a bronze prepeller 
to 1.L. for an aluminum propeller. This correction was applied to the 
system weight W. and led to a corrected virtual weight of entrained 


water W_', recorded in Tables III-XIII and in Figures XVITI~XX. 


Errors in the Measurement 


The major source of error in the measurement was in the assumption 





that the longitudinal stiffness of the system was constant during the 
runs made on a given day. The stiffness was found to vary by a maximum 
of about 2% from the initial determination made prior to the runs to the 
final determination made after the runs. The reason for this variation 
is unknown. 

The measurement of the period (T Ad by the method outlined in the 
Procedure is estimated to be accurate to within 1%. 

The paper speed correction and the variation line of frequency 
are each estimated to be accurate to within 0.1%. 

The above errors then give an estimated error of 3.2% in the 
determination of the observed period (To). This corresponds to an 
error of 6.)% in *% and in Woe The mean value of W. (aluminum) is 
about 94 and the mean value of W s ‘pronze) is about 154 for the mer- 
chant wype propellers, The mean valine of We for the DD type propellers 
is about of. 

This then corresponds to an estimated total error of .57# in the 
determination of W.(and/ or wet) for the aluminum merchant type propellers 
and tar the DD type propellers. The total error in the bronze merchant 
iype propellers is then .964. This estimate of the error of the measure- 
mens is confirmed very well by Figures XITI-XV. 

On whe basis of the virtual mass corrected for torsional coupling 
an empirical relationship was derived to describe the variation of 
virtual mass with the important parameters, The derivation is given 


in Appendix B and leads to the following: 
- 5.773 (4.380 - (P/F + 0.228] CS)? we8  mmts23 () 


We Gew) 


-%8- 





Seegagtreaes 
*. 

SSCHSSS 4HSHSCHSCCSSSHSCHE BESS SESSA PVAAE SHS ELSSE 
Hedda de tee 
Bpaigcaaee 


SPesadaCRUNOaa's (2aeR 
QBe. AS21854 REREAREERE BRERA GG RERESEGRDAEOBAao 
BEa* BBuk 8! 2 8d- 1 BEERE PRRRRARASE A HE FREESE SEER SERARLA BESRESaees Seecen 
BRSts BSS la eGLeeLERDE SERDAR DERE DARED ROR ERE PRES BBSGN eat escent ee 
BEGREL 12!) JBERAK TOADD DARIAN ARAD AERRARARAE RRL RAAEE BHR RRE BGUeeees ceasecse 


_— 


rt 
ss 
i 


SSCS CVS SSeS 
SB. “9S SS 88006 SSSs 286 


. 
a 
a 
— 
s 
a 
a 
a 
® 
° 
e 
a 
a 
a 
a 
- 
4 
s 
= 
= 
s 
e 
e 
7 
€ 
= 
a 
2 
r? 
= 
> 
Tr 
iL 
3 
= 
x 
? 
é 
oo 
7 
s 
o 


- 


. 

BREESE SHRSSSTERS SESS ese! Aeese sal 
BESSS SHRSS SSS SSS ST SHEP OSes .Seetes Sessee 
BASS PPS ESSSAS STHSSSESES SSF SHKLHLE SHHSH SCHR SSS SSH S SESS CHOSE GHOSE SSS4S 66464645 6488 8 FESS5 S2ER5 
isd ter b bette ped topeet sd fee ree Ht ttf tt tht tt en tt 


SSSbesbess sessssies ssssspents seszsseese 





EEE 2 
ag : 
AHHH : 
OB BES ion ? 
B if at ” "4 a 
AEH Su Geeueues Sissess ; epasesecacsesa sacascsees stsescsaae 
wae ee Seeat oe ad cam o 
ey | eta BEnGa aa a eu . 
AAS a0 HH oeeee oa 4 aes enseenees aeeceenees coneseeses 
» sug enueuege al Paseeeaues stacuseter terscstescecseccsees se : gbegs cesecceces cecsuccess ceseecttee 
Al SaESESEEGE GEEGRSUESE SEEEEGTEEE SEEDS SSCEE PEE eeren eeen tees cae eeeteaeaeseeaeen oe - Saves suusccsses sussusesesseneesocos 
b> EERE EEE EEE EEE EEE EE EEE SOCESESSE | Gassessacabcsansees sessoesens cecsteeeee 
ua SEGRE DE RRES CEORS BUSES ESSSS DESSSSEESE BS eceesses sess saasan S886) Seesee seas ° @esbeea8 488 ana a 
nS ts $F pe a a a i) ER BSSSS8 SSSESSSSESE BSt “EGESESE SESS eee oe Ht ttt PAAR AIL LIL I TT | ooan Ca 
e~~ LITT TTT TTT to Baa GaRnD eseaaa ae@eaaa 
| ae Baoan anna aeane Sanus 7 
4 OU SEE eee eease severe AB RESESSEsss Setescsees conceeecee ceeeeeeeee 
MP4 cceceaccecccseseeeeccussereseacsesecices iescvocescesesseced seacssessssaccsees  f Cessecess  sesst sez etsessesss setassceus sseccssenessseeresss 
— GiB aw a a a sane SL BSSESen Sesseesess ceuscacsseesesesents Seeeeeesee>-e05 Li 
€) = a ae! — Be Bee Oe OSS Ss Sees Sees te Sesoeesses -— Bee 4 + $+ ff - + a 
Ps © ald ne naman SUREba cascuceee suscsuetes ssesecucscssesessccsasaces ces Seeeeens eu SeeeenseasGeve ances Beseeaeess cecnassGhe Sansecccea Seaeseneee 
ES] Sas SGGGaae GOGGGGRGn GORSGAESR GRASS esses cosccecsce sesccccces cascsecees ceceaasece coacsaccessaecessace Shssecccestae Caesen Glsseaeees Saseeaeeee Saecacuaee Sessseneae 
f, a pf Pd BSRBESE CECE ECEE BESS RREESE OH /ERCASE REECE BHeeae SR RSRESREATE SHSSCSESSCSCS SS’ SCPSHOCSS SHESCSSSCSESHE CSSESSSTSSES GHeee eaters eesececese 
5 6) Subesueeenseeee uses SuCUSmeneueeteGscee Gatecedeceeeseecees eet oc ntseeSeedessece alueceenessceeeus (es sussectsses’ soseusss Ciseessecssacssscses sesecscess sesceseses 
© SGonceneeeesueeunsesu Gescseanas ete pe beets pee fsrte fir taped py esetig pare ba lde ped pep yes ttt 
ea) AERA EE posepe poseaseres Sersebcccsaccecceaea cacseaneee ceneses cee cee 
fr, Bue oa oo ae geael SESS SERRE KEE GS BEEP REESE SRS EeRE GHeeeaeases ees suees 
Otc YeuRaRea BERT ames 
“0 nueen Soueuue aH PAASASFSSPRSKTHARFHATTRAASTHAPHA ETERS HOPI ATR RTE FHT Oe saace s 
a nenen pt a BPP SSSCSSSESS SHSSSSESTRSHKSSHRSESE SSRSESTSESeE Saas ie eres one ee 
2 aoaca CEE sana coeur 
HEBRS EERRaRAD GES aan 
nq Saban Se aeee ce } SGeeseaeeee Geeee tote s £28458 88088 
OBeen EREEESE 2908 ease [RET RELEL STE REIT ELT 
DRO EBSaRoae i iif 
HEE HE 
Ona Tad 
BaEawe 28 
HE H- 
Roa ak 
HaBh Tie 
rH ei; 
aoa 
a | 
a 
ERE 
jt tT 
aaa@ 
HRD 


RR RRESEEE EAE Be PRR PROB ARTOS 


fl 
6 
5 


— -Oo® ™~ NJ a oO 
= tb 


aly 
MWR#0.2h8 


ay all 
d=11.90" 


=39- 


Merchant Type 





SER SRCkEReUE BREEDER BEBE wi keen bo 
BER RURERERAUE PERRO RRUOD BOOM OMM - + 4 Bm iw bm peed 


BS DRE ER BERR PRED PES RUBERER BARU ARHes Coeseeseee oeeeser 
bey PH PP tt 
Ul BERG S RRA BRBREREDRRERBREEMERD s+ reverent Reber es 
BREREBDEUERMAUBMERbas PERCE e rea eesees 
BERR BBROC RABE BOMP Lt erwin ee 


Wt okDI tel in TIT) 
‘SUB 5280s 088 
4 


° BSUGR BERRREERER PE ET ae ee ee ee ee ee oe eo 
RS=! DAY ~ Pa VAP SU REET BECP RREEES SSUES ESAS RORAPSSSSS CESCUTSESTSS SESSTESSES SCHECTER EEES 
BER “BER BP AB~_— SB REEE SHER E REESE SERRE EARS BPRSCES SSS PSSST SCSSSS SHES STSSCSCHS CHUCST STEVE 
SPER RBEEA DT ARGO RARED M IMERARARNERREMESTES BASES SSH S SSCSOSSSSES SSCSSSSTEDSSTSTSSECS 
RERRREAEA E RERORERRAE BP ALVEUREDN PARES VEESD SRESSSSAES STH SH STSTE SFSVTSTSSFTSRESTESEOUS Suereusee 
TIT T TITTLE IL ILI IIe iS watenoete 





i SSRSSSCSS CHECK SSCSST SSCA SHSSES SERS! CES SSSI ES SERESSSSEC ETOCS 
RERARSSAED ACRARREAS 1D BRRARAPARTT ATE OSE FAME P MEGA HFA ARE HORE ERE DPM DERE SOEs SPORE TSE ABTA 
0 eas SSS SSS SSSSS SSS SS ESSE SHSESTSTSVSS HT SSTESSSeTe OTe Teese ceeee eon - 
BRESE ARIA CRE CREERES CELLO RRARE SPHSSSSESESS CLES SSSTS SSCHSTASEES CESSES TSS ST SESS TCR SESS SSET SS eee eSe SSSEs 4668268 SHCSSEBSLE CHESCHESESHE SHESESESEES BHU ee ees 2eeeeeesas 
BOSREBANAR CUVEE ERALD AUR CEPRREE SSSSHSSESESS SCHSCSSSHSSHE SSCSS SHESS SECSSSCSST SSHSASSSSS SASESCSSSHE SSCS HKEEE SGHHES GHEE SSHOHASASES SHSCCE SESE SELAH HASEE CHERERSESSS GHSaSSeESS 


A Sesseeusueeevees sce seetscents coccsccese Cuscccoces coccscrses cecssseses svsccesss_ ceeccecsrssecscsess 
Cp) SEES SES PERS ASS BERR ecewe ceeeeerers Susenceues secsae: (se sevcnaccea Seecsoeges Geateaaneesccaaenen 
ed SUSSESESUSEVGE! SuseuSusseutees steseseaes sesee sees sccasass sss setscasses sesseaeess seeasassesaacaaeae 


SSSSSSCT SS CFS SS SST SS SSSSSSASEH SHS SSSSCSS SHS SS AF CHCSSS HK SS SSSSASEASE LSCESSSSES SSHSSSTSSS SHSTH SHC ST SSPE SATSS CHSSHSSTHS SSSSR STS SS POSES SE SES Geese eseas 
SB POSE SSSHE CHS SSSASES SESSS TESTS SESSS STS SHCSHS "FS SESHSS Cl SS SSCA STES’ SSSSSSSTHS SSCSS HTH S SHSTTSTPTS SSHCOHSCSH SHSSSESSSE SHOT SHOES GESTS eeees Sheeeeesas 
OS BOSE SESHE SHSESTSSSS SESSSESSSE SHASSSLSSS SESSTSSESS SESSHSSHSS SPATE SAE’ 6 SSSGSSSSSS SHSSSSSSSE SSSA T STATS SSHSCSSAOCHSSS CHHSSSSCHAT SSHSASSCES GHSSKSseSe Heese Se 


Figure AIX 


_ SEES (PER PSRAHLSTe CASCSSTSTE HHSTE SESHS SCS SSHS ESE SOSSRHSTHS SRT SSTFES Hae Ee 
SES SSNS PHVRUAKASS CHESTS RSSSS SESSS CASHES SHSSSSHAES SHPSSAREES SHES SSHSE aS Fe 
© O88 SERS PERSE SESE CUSSS NOSES SUSEESESSS POSSE FONSS Besse eeees Breese eens s”.oe8 
> GS? SERS DERARESHER S0acaSaSSe SHSSSSASSS SETSSETESS RSSSESESSS ChEaEaSoSS SSSCeGeaes SSteeasers Seeseceees Seeeeeeess Ganseasees Gheseeeeas arece seeks taseeeeaee senseesaes 


ame Foie fet Poet |_8 | taicre 
g 
g 
i Sibsas ssscscusse sesusususesuscsseuss seess Se apeasasnessecsecuseeseesnecres 
a J ee a ee ba ee en ee a 2 ee ‘ 3e2664282 6eneneonbee 
@ Ws tins « ™ om) OJ o © 


MWR=0.458 


Ere 


ero 
P/D 
3 Blades d=#11.82" 


DDLOO Type 


-)0- 





- 





uou ageauues aeeeae BOR geaseas caer sees “Tj 
mee saquaeas ebesee SEE ECEEEE saeeee 
oy ECEEEEEEEE EEE PEER EEF da3s5253 
Bae suesuues BeeSee pouseusceecavecucnseue sueeaese 
Bee”. (2580 EBs —~ BEGa fae GEERRE EERSTE BEORE Gee HH saadanene 
ReErre reer inher tetete be aueaaegaed PEE mG ssssees : eet. aan ee - 
fel ebopa GRSSERERE SEEREe supe saa os Stusies om oP 
Effi ase Haceeeetceeeeeee eHtHHtateneeeet SeEeee Hazeseeedcetcetaeaiae~" tote 
ttt SQunes SeeSGGuGen GUGSGuGeGs SSGuenGne ne Guecuuaeuccugeneses~"<"eese-vessssce | Wy 
paps Sesnes BGSGGG0s0 GEGuRGGSESGuneueEeue He Sasee 
REGS PEBURTEEREESRSE CO oo eau ay 
seseusee ~o oe ED EEEEEEEE HE sae Se aeeseceees seensese 
aueuguaes GES eS BeRhReee BS RREESSEEOSRRSEe BE eee eb Seeeeesess eeesesce bf 
SUSE USEoG Susu sulve PoSEECEees SESERESECSECSeCeEeat ae seaeecesssnasssuancs betenaes i 
| e 
a esdatesteitest trettatestatettatice SeeaGseeeunceas aetd fusuttetetseusuasess sesasas ¢: 
ave SUGRRUGGGRREEGG SERSSSGEEEOS SOSScSCRee ae aoa ee SSSTRSSEE POPES ETSEE CUESESSSTE CHEESE ESESS EESEEESS 
CHER: Scale teeecaztes tessastenze REECE EEE AEE EE te = 
SOSRGRGUROGUGEEES SORGSEGHAE EE SEUSeGenRe ee seusasee seccstecsssrtcrcseesscctuscaes ses ° 
HERE Gedesta esssedtas setevecitescitereaitatestetiataitetostas Seeaiaeed tuareseiseeitote eagtguiaz ieadasseassc27272717 a 
PA ssesz ere SaGSEEECESECECeEs CoPsTEteet coerstales Gece aTcee CERT Tater! CS : ssccusssscrasecsss sssssenacs cesses aseee Cu 
sed BoFaaseccesrsece SOSESESEEcas Casey cases essence sites ecitotecasiesosscetd 2 Setaceted csceecececcetsscceed coccectsce cesccceess cocscecess cecesesees cO 
cues bs esta eesdostes suveevessestastattescetteeane>seaztai F SSESSSSE SE: SERIES SESS Scie SSSSSESSEE SEeESESESe sensuscnscseceaescee : 
suet SEES ESE EE EEE EE Sue : sites bussesracsosass fersstares tassesass z 
O tt ssddauatastesstaastertestatearasttateseeestty cits At : bas teecss seoe: * 
Sas SE SSERE BESLISTAS OA as ooh Fanaa s..eee : a 
Prd ceac=dseceueeguuue Sescaue pessavages Cessscarsy ceecerers 2a3 atsas : Sit: d2etsscecescesee cssecsssss cecescsses sscszseess tasesesate se) 
g2 0 Sas Fossbassas di chReeeuebeereseeeesaseeceece Seer se3ae jsees ss : SESEESESEssssassea astastassaessassess spsassessssaseeseass OA 
e aoaone SuEeee PEE : 33 ts : coucngerens catacies sesescusessescsccecs sevssseesssseseseses BM 
aes sastassezaets svasesassessastsses cere aaa : s3ss : SH Say feszasestaiastisazes en ake 
Sey seasasasasassnnatede ussdotesseneatatarsaterstasentesssast fs i! : seecseseesaaets © 
50 2 GREE RTIET PEPPERS LATA TARAAeaD SUSEEERNEseauaues se yseabeessunese ss : 2 E 
te, seusessaesensesvesetarsess ue ‘TrTrTi ite liliiil. 3 : ms 
aa A Seeseeeeses he ph ptosis titi tedget et he =e 
i acne enne8 ser sseccccausculceusessseecceseeuscce oe 
oF = sUcbbsaes Gaannay 6s soskscsaescascsesend Restsensessees $3 a 
20 me) ape hd ye : ba vee saessese 7 SUS SSS Sees sereEs oe 
alee Ba ae speecsecerece seceees Cosceritae os Secceerccssutccscnvs sussarcecscrcrrccc2: MC Mmm 
eq sage is a Soeesscsescesasccess bebtacsent ces Saeeesecessatssesecs suecseusses Q, 
a ae Boos SuRESRGUGGNEUaEnses os sees ssssssssssssetsass . es ss sessssesss Secncecdescsaucucuaa TTITI Cte ial by 
é sane Bae s Sescenseet suascaeres usetscesrs uecceutes cussecstectcass aces bessecsecese 
it iriiiziit | EESESEEEES ESEESEtaz SSSRESEEEOnEEOEaaEG suucescnsces syrssasssnaes 
= woo SSCRRGSGGGSRRSRREGEGEORSauces sess sees - as srecesees sesencerccecs S 
seus SROGEGSEGESSSSSSESSSSSe%= S55 sssuses es : a 
seu Sueuy Suaueuuces coscecerss ce ssaacs ss : la 
Ht fs SEbeecccece : ses ss ses ea TT ay tLiguatisiis | & A 
oe Saser vesustases Besseseesace ss srccceces ousceecaes Socce ceeds tecceccetd fSsestasan 1 
mn HTT u¢ mw aTittitt eegeueguecusessea 
H8Ra . a sessuae 7 : HH ana as seseesee sees esess Peele acess 
_— aseg868 


~O een ~~ * 
ro 
© 





This equation held for both the low mean width ratio (.28) mer- 
chant propellers and the high (.4:58) MWR destroyer propellers, It gives 
the absolute virtual mass, that is the virtual mass with no torsional 
coupling. This corresponds to the shipboard case where torsional 


d 


coupling is not anticipated. The values of Wi» Wo; W and 


e' (rsw)? 
Wo(KeM) are tabulated in Table IA. It is our conclusion that 

We! (rew) gives a quick and sufficiently accurate determination for use 

in shipboard calculations, 

To improve on our determination, more analysis of the effect of 
torsional spring and inertia coupling is required. The manufacture of 
two propellers, one bronze and one aluminum, of the same characteristics 
would allow comprehensive testing and absolute determination of the vari- 
ation in longitudinal virtual mass due solely to variation in the polar 
inertia of the propeller, Also, propellers of varying diameter should 
be tested to determine the diameter influence and to compare it with 


the theoretical prediction of variation of virtual mass with the cube 


power of the diameter, 


=); 2— 





TABLE IA 
Comparison of virtual weight of entrained water as determined 


by various methods. 


WB 


Prope wt of prop ' ' 
Noe corrected to P/D "he e we (rsw) We(K&M) 








Bronze ae _ noel 
82 Tel 0796 2.65 2.94 3226 303 
72 7.85 90 1.57 2,68 2 263 302 
7h 785 9975 107 1.99 2515 3.07 
iS 7065 1.099 .87 1.70 eat 2.95 
80 77 1.195 1.83 2.25 Lol? 2.8) 
30 10.0 890 2.8 h.3t Lease 7265 
28 10.0 ui ee 2657 7205 
32 10.0 1.19 1.52 2,50 2 oh 6.80 
31 11.3 0990 862.98 §=5630 566 10.7 
ae 11.3 1620 1,92 3.26 3-00 9.5 
(1) We" (mguy = 5277S [(2.350-7/D)? + .228 | ay wt) wn? 
Weo(xem) = 9100 x Hneem x N x(eoe)? (MAR)® 
-23(5) + 1 
where: ie is the experimentally observed value 


W,! is the observed value corrected to condition of 
infinite torsional stiffness of coupling 


We (rsw) is the value predicted by equation 
We (K&M) is the value predicted by the Kane and 
McGoldrick formulation (1) 
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CONCLUSIONS 


1. Virtual weight of entrained water can be expressed by the 


following equation: 


Me an Oat [(2.350-P/D)* + .228 [: Gay] [ 8 ff rim??3] ws. 


Tf 
0.75 £P/D 21.25 P/D = Pitch ratio 
d = Propeller diameter (in) 
N = Number of blades 
MWR = Mean width ratio 


2. The following percentages represent the virtual weight for a 
sampling of bronze propellers on the basis of total weight of propeller 
blades: (blade thickness fraction = 0.05) 

P/D 4 Bladed Merchant 3 Bladed DD 1 Bladed DD 
9 71% 71% 72% 
1.2 Lhe 1% 2% 

3. The values of virtual weight under actual operating conditions 
were Significantly less than the values predicted on the basis of non- 
rotating static tests, This was particularly true for the DD types. 

lh. There was no consistent variation of virtual weight with varia- 
tion of J in the operating range, 

5. Magnitudes of damping factors under operating comitions were 
about 30% of the theoretically predicted values, There were no signi- 


ficant trends with a variation of J or ne 





RECOMMENDATIONS 

lL. Investigate torsional coupling factor to a greater degree, 
particularly the effect of varying polar moment of inertia, It would 
be advantageous to compare aluminum and bronze propellers having the 
same geometrical characteristics, 

2. Obtain data for more propellers to establish curves more 
thoroughly. To determine or prove scaling factor run geometrically 
similar propellers of varying diameters, 

3. Investigate damping more thoroughly varying the parameters, 

h. Investigate the variation of longitudinal stiffness of the 


support. 
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A. Summary of Data and Calculations 
TABIE JI 


CALIBRATION OF SUPPORT SYSTEM IN AIR 





RUN Wt . :.° 
added 
1 6.562 o11))2 .01320 
2 21469 20919 cosh 
3 3.21469 00993 00986 
hy 0.375 20775 «00600 


The weight of the supporting system in air including the nose and 
collar used with the merchant type propellers was determined to be l.894. 
This was determined by extrapolating the curve of weight added versus 


ue to the value of i. equals zero, (See figure IX ). 
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RUN N 


“IORI Ew Pp Fe 


Ore OO OI o@ 


h 


0 
32.9 
35 09 
11.4 
1740 
41.6 
66 ot 


TABLE 11 


CALIBRATION OF SUPPORT SYSTEM IN WATER 


Added weights---Dummy hub wt 


08835 
208740 
208795 
08820 
.08805 
208735 
208725 


Water in hub 


Wt added 


007795 
00760 
«007735 
007780 
«007750 
007630 
007610 


6.113 
6.30 
6.38 
6.h2 
6.0 
6.30 
6.28 


= J 


W 


5 .2h3 
5.113 
5.193 
S6233 
6.231 
5.221 
5.219 


W. = W-1.187# 


3 


-),8- 


81 2# 
03 75H 


18 7# 
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TABLE III 


M.I.T. PROPELLER NO. 81 


Merchant Type ue = 7.374 
Material = Bronze Wh = 0 
Diameter (d) = 11,90" 
m= 737# 
No. of Blades (N) =}, 
_ = 542034 
Pitch Ratio (P/D) = 0.796 


Mean Width Ratio (MWR) = 0.2))8 
o52 


il 


dK, /aJ hic ST 5 


S = 836 (Runs 91 - 94); 815 (Runs 215 = 217) 
2 
RUN h tow N ae ee i we ae, | Be ee ee 
91 0 - O 0 - .1380 .01903 15.910 3.27 0.8 .99 .59 0.0 
92 17.0 69.5 1.72 151 .68 .136 .01861 15.560 2.92 3.0 2.85 .7h 2.11 2.15 
93 33.5 69.5 2.91 152 .95 .1366 .01865 15.590 2.95 4.0 3.80 .79 3.01 2.17 
9h 60.0 69.5 3.23 160 1.21 .1327 .01761 14.730 2.09 .5 28 .82 3.6 2,28 
215 0 - 0 @) - ,136h .0186 15.15 2.51 
216 31.5 70 2.3 143 .98 .1333 .01775 14.50 1.86 
217 28 70 2,08 1h .87 .1333 .01775 14.50 1.86 


Run 217 readings of TI owere erratic. 


W. (average, operating) = 14.9764 


w' = 2.9h4 


e 
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M.l.f. PROPELLER NO. 72 


TABLE IV 


Merchant Type a. = 2,250# 
Material = Aluminum Ww, = 0.0634 
Diameter (d) = 12.90" 
No. of Blades (N) =} o. 263134 
Pitch Ratio (P/D) = 0.900 Ws = 502034 
Mean Width Ratio (MWR) = 0.28 
dK, /dJ 5 <IK1.1 = AOS 
S = 836 (Runs 87 - 90); 815 (Runs 213, 21h) 
2 
RIN h t vo N Jd i ro Wa) Ne oe. En BBE 6 
87 O ~ 0 0 - ,.1137 .01292 10.80 3.28) 1.6 1.07 .59 0.8 
88 18.6 69.5 1.79 151 .71 .1022 .010hh 8.73 1.21) 1.5 0.85 .75 0.10 2.21 
89 30.3 69.5 2.29 152 .91 .1050 .01103 9.22 1.70) 3.5 1.98 .78 1.20 2,23 
90 59.0 69.5 3.20 156 1.23 .1056 .01115 9.32 1.90 2.5 lel .82 0.59 2.29 
213 0 - 0 0 ~ ,1211 .0123 10.06 2.) 
21h ho 70 2.6) 140 1.13 .1060 .01123 9.16 1.6 


W. (average, operating) = 9.10T# 


w ' = 2,684 


e 





TABLE V 


M.I.eT. PROPELLER NO. 7h 


Merchant Type W, = 2,250# 
Material = Aluminum Ww, = 0.1254 
Diameter (d) = 11.90" 

W, = 2.3754 
No. of Blades (N) =) 

WJ 5.2034 
Pitch Ratio (P/D) = 0.9975 
Mean Width Ratio (MWR) = 0.2))8 
dK, /ad 5 <dJ 1.2 = 472 


S = 836 (Runs 83 - 86); 815 (Runs 210 = 212) 
2 
RUN _ vO N J T Ts a W, a B. B. B. b 
83 O - QO O - ,1133 .0128) 10.73 3.152 1.8 1.20 0.59 0.61 
8) 32.0 68.0 2.36 150 094 21042 .01083 9.05 1.72 3.1 1.66 0.78 0.88 2.23 
85 57.3 68.0 3.16 152.5 1.24 .1010 .0102 8.53 952 2.4 1.29 0.82 O.W7 2.27 
86 16.9 68.0 1.714 150 68 .1001 .01002 8.38 .802 1.2 0.6 0.73 0.09 2.23 
210 O - O 0 - .1063 .01130 9,21 1.63 
alt 36 7 2.56) U8 12@ Si@35 .o107ae 87h 1.16 


ate i725 7Or 2,88 le 1J@2 1203] .010630° 8.67 1.09 


W, (average, operating) = 8.67]i# 


i 
We > 1.998 


res 





M.I.T. PROPELLER NO. 73 


Merchant Type 


Material 


Diameter (d) 


il 


No. of Biades (N) 


Pitch Ratio (P/D) 


Mean Width Ratio (MWR) 


dK, /dd 065 <J 21.2 


S = 

RUN h b Vv N J 
@) 

1e2 © - Q 0 = 
103 29.5 67.5 1.84 15h 272 
10h 38.0 67.5 2.57 156 .99 
ee @h.0 67.5 3.26 152 1528 
208 O - O 0 - 
209 bS 68 2.79 150 1.12 


TABLE VI 


W,, = 2.2194 
Aluminum i= 0.1254 
11536) re 

W, = 2.33h# 
h 

= 5.2034 

1.099 
0,28 
072 


881 (Runs 102 - 105); 815 (Runs 208, 209) 


2 

T, We W. “ « 2, 2 & - 
oL07y 0115) 10.16 2.623 1.7 1.07 59 8 
009706 .00942 8.30 0.773 2.3 1.17 .75 2 2.29 
209668 .00935 8.2) 0.713 2.7 1.40 .80 .60 2.32 
s09938 .00988 8770 1.173 2.2 1.15 .83 .32 2226 
ot085 01177 9.59 2.05 
olOhO .01082 8,82 1,28 


W, (average, operating) = 8.5154 


1 
W 
e 


= 1.707 


aoe 





M.1.T. PROPELLER NO. 80 


Merchant Type 


Material 


Diameter (d) 


No, of Blades (N) 


Pitch Ratio (P/D) 


Mean Width Ratio (MWR) 


aK, /dd 

S 
RUN h . 
96 0 os 
97 0 “ 
98 18.0 67 
99 35.0 67 
100 57.5 67 
20h 0 = 
205 59 ~=«268 
206 57 ~—s & 8 
68 


207 1 


o7<d S123 


o 


O 0 - 
0 0 
1.77 150 .708 
2046 150 .985 
3.15 150 1.26) 
0 0 ~ 
3.20 15h 1.25 
315 152 1.2) 
2.67 105 1,53 


TABLE VII 


W, 7 ol 70# 
= Bronze Wh = Q 
= 11.90" 
Wy = 7.704 
=} 
We = 5.2034 
= 1.195 
= 0,28 
= 9h 
= 881 (Runs 96 - 100); 815 (Runs 20) - 207) 
T dk 2 W W B. B B b 
O O a & a a S e 


0139 - - 
“abet 01761 15.51 2.83740 9 ov77 


~12:726 
012828 
012920 
01375 
013)85 
01352 
013h3 


059 6 
Ty 1.33 233 


019 1.33 2.33 
p02 2 e220. eS 


o01621 14.30 1.627 2.3 2.07 

0166 14.51 1.837 2. 2.12 

001669 14.71 2.0h7 3.4 3.10 

201890 15,1 2, 

01818 14.81 2, 

201828 24.90 
ofl 


2 
2 
Z 
ia 
201805 14 2 


7 

an 
023 

Oh, 


W. (average, operating) = oT 2 = 1),,656# 


W 
e 


= 2,254 


~5 3~ 





TABLE VIII 


M.I.I. PROPELLER NO. 30 


DDLLOg W,, = 2.8754 
Material — = Aluminum W, = 0.0634 
Diameter (d) = 11,82" 
W, = 2.9384 
No. of Blades (N) = 3 
| 5 = 45034 
Pitch Ratio (P/D) = 0,890 
Mean Width Ratio (MWR) = 0.458 
aK, /dJ elt< Jd < .93 = 27 
S = 881 
2 
RIN bh t vo N d hl oe ee We oe BD 
106 O - O 0 - .12136 .011)72 13.00 5.56 1.52 1.23 .59 .6h 
107 18.0 67.5 1.77 152 .70 «10630 .01130 9.96 2.52 1.55 .95 .7h .21 2.00 
108 37.5 6765 2655 150 1.02 «10610 .01126 9.9) 2.50 2.2 1.9 .79 .70 1.98 
109 60.9 67.5 3623 150 1.29 .10590 .01122 9.90 2.46 2.5 1.51 .82 .69 1,98 


W., (average, operating) = 9.933# 


t. = 
We ~ 4.314 


=e 





M.1.T. PROPELLER NO. 28 


RUN 


11) 
115 
116 
117 
118 


TABLE 


4 


DD 09 W,, = 2.875# 
Material = Aluminum les 0.125¢ 
Diameter (d) = 11,82" 
No, of Blades (N) = 3 io 3.000% 
Pitch Ratio (P/D) = 1,11 Ws = 4.5034 
Mean Width Ratio (MWR) = 0.458 
dK, /aJ 65€3¢1.15 = bh 
S = 881 
2 

h tye mw J a a WM Ws og BSB, Bee 
0 ~- 0 0 ~ .1166 .01359 11.97 Lel7 3.75 2.78 59 2.19 

17-5 68 1.74) 150 .70 .10075 .01015 8.96 1.46 1.70 .96 «7h .22 2.24 
39.0 68 2.60 152 1.03 3 6.62 3.72 .80 2.92 2.27 
S70 68 3.24 154 1.22 .1022 0104) 9.20 1.70 2.5) 1.45 .82 .63 2.30 
hOo.O 68 1.63 150 .65 + 5.50 3.09 .73 2436 2.2h 


* Damping is too severe for period measurement. 


W. (average, operating) = 9.080# 


4 om 
Wo" = 2072H 





M.I.f. PROPELLER NO. 32 


RUN 


123 
12); 
125 
126 


DD 09 

Material 

Diameter (da) 

No, of Blades (N) 
Pitch Ratio (P/D) 
Mean Width Ratio (MWR) 


dK, /dJ 07 <5 £1.25 


S 


nm 6hFlUT!.UC<tCSrN SS 
O 


0 - 0 0 - 

18.5 68 1.79 119 .72 
38.0 68 2.57 150 1.03 
67e2 68 3.215 151 1.26 


TABLE X 


W,, = 2,780 
= Aluminum W, = 0.0634 
= 11,82" ee a ar 

Wy = 2 834 
= 3 

5 = 425034 
= 1,19 
= 0.158 
= hh 
= 881 
T e° yy W BB B b 
O @) a e = a S e 

010650 .0113) 10,00 2.65) 3.7 2.16 059 1.57 


099L8 
-10000 
10105 


00989 8,70 1.35 1.80 .99 .7h .25 2,03 
201000 8.81 1.86 2.50 1.37 .80 .57 2.0) 
~0102l 9.00 1.65 3.06 1.68 .82 ,.86 2,06 


W. (average, operating) = 8.837# 


= 
W = 2.50H 


Ba 


ive 





M.I.T. PROPELLER NO, 31 


RUN 


11@ 
ay 
eh? 
113 


DD 09 
Material = 
Diameter (d) = 
No. of Blades (N) = 
Pitch Ratio (P/D) = 
Mean Width Ratio (MWR) = 
S = 

h 1 Vv N J 

‘@) 

0 - QO 0 ~ 
15.0 67.5 1.61 15) .63 
36.0 67.5 2.50 150 1,00 
58.5 67.5 3.18 153 1.25 


TABLE XI 
a 
Aluminum Wh 
11 e Ban 
h 1 
W 
0.90 z 
0.58 
881 
2 
T te Wa We 
01294 .01675 14.76 6.95 


2 L090 
el 107 
o1123 


K, curves not available, 


001187 10.45 2.63 
001226 10.79 2.97 
001261 11.11 3.29 


W. (average, operating) = 10.7834 


r 
ve 


= 530# 


Se 


= 3.250% 
= ,062# 
= 3.312% 
= 5034 
G rN B. De 
1.90 1.7h .59 1.15 
1.86 1.21 .73° .lié 
2.28 1.53 .79 7h 
2.30 1.5) 82 .72 





TABLE XII 


M.I.T. PROPELLER NO, 33 


RUN 


119 
120 
be1 
122 


DD 09 = 3.250% 
Material = Aluminum = 0.0634 
Diameter (d) = 11,82" —— 

Wy = 3.313 
No. of Blades (N) = } 

wo 4 5034 
Pitch Ratio (P/D) = 1,20 
Mean Width Ratio (MWR) = 0.58 
S = 881 

2 

mt, et ok te FS OV Bae 6G BL Ke 
0 -~O0 OO = .1275 .01626 14.31 6,49) 4.12 3.67 .59 3.08 
16.0 68 1.67 150 .67 .10565 .011162 9,85 2,03 1.78 1,07 Py & re 
34.5 68 2.45 152 .97 210369 .010751 9.9 1.67 2.05 1.2) .79 5 
62.0 68 3,28 151 1.32 .10590 .011218 9.90 2,08 2,48 1.50 .83 .67 


Ky curves not available, 


We (average, operating) = 9.7h7# 


t <= 
Wh. —_ 3.264 


"36 





M.I.T. PROPELLER NO. 35 
DD 09 
Material 
Diameter (d) 
No, of Blades (N) 


Pitch Ratio (P/D) 


Mean Width Ratio (MWR) 


S 


oly 
72 
3h 
081 
050 
208 


*Damping is too 


TABLE XIII 


Ww, = 0.7504 
= Aluminum Wh = 0.030 
= 8,001" 

W, = 0.7804 
= 3 

Wo = h1h3¥ 
= 1.07 
= 0,158 
= 907 

2 

iW i W , 


W 
a e 


208479 .00720 6.5 1.617 1.3h 


eng 3.30 

oe 
007022 - 3.8) 
06896 3.60 
0712 1.80 


severe for period measurement. 


A negative W. is not possible so this set is not inclwed for 


analysis. 
bearings. 


The thrust collars were not properly seated against the 


-59= 





Be Sample Calculations 


Torsional Coupling Factor 


Derivation 
l. Referring to Appendix ©, Professor Lewis! unpublished notes, 
equation ~, we see that if we neglect the damping terms we arrive at 


the following: 


ut (mt mg = m,°) - 0° (m,' ky + ky, mg) + ky ky = 0 


e ' 2 
assume m, My = (m, My ~ ™, ) 
where m, =W B/ g = measured apparent mass 
W 
m | = 4 (corrected) _ apparent mass corrected for torsion- 
al coupling 
my =I, + BI, (effective polar inertia) 
x= 0,25 to include torsional virtual inertia 
p 
a = polar inertia of propeller being tested 
I, = polar inertia of bronze propeller of same dimensions 
as actual propeller 
_ af BI! 
m, = nf Bt, 
P 
p = pitch, in, 


- Ed in 
2. Suppose Kg = 0 (close to our Ko = 7.34 ma =) 


1) 
© 


ol (m' mg - m.) - " me EL 
ee Bae 
Bi = 9 


My 
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3. Suppose k, = oo 


) 
we = oe 
"lL 
1. Correction of frequencies to k, = 


] 


Define C_ = torsional coupling factor 





I 
Ww : i t 
i= OL = = 
2 oe. =o 7 
%  & me "L 
Me 
Sample Calculations 
1. Bronze Propeller #80 P/D = 1.2 
0.00),6 2 
[| = 
sary nD-bt # sec in (Reference 6) 
where n = no. of blades 
D = diameter, in 
b = maximum developed blade width, in 
t+ = maximum developed blade thickness at 1/2 radius, axis to 
tip 
b = ae ey (Reference 5 
; page 157) 
MWR = Mean Width Ratio 


» = Go 2WBN(2290) = 5451 an 


_ 0.00K6 3 ee 
mn, = We = ese _ 0.0380 
Eo 356 
my = (1 + B)I = (1.25)(0706) = 0.088) 


-6]- 


ti 


a 


= 


4 
: wee 4 





- Sah . ee = _ 0,00 
es Saal 390 = 0.00777 = 
2 


my’ =m, (1 + a) = m, C, =m, (1.01803) 


C, = 1,01803 


2. Aluminum Propeller #72 P/D = 0.9 


W 


(e) 


density of al. 
| = 
8 L, Ee p (ss of —_ t! 7 PL’ p 


mM 


| 


(0.287 + .25) (0706) = 0.0379 


. 9.00930 _ 
mn. = “Se = 0.0103); 


Torsional Coupling Factor 


2 
mm Ot ) = m Cy 


G~) = 1.1197 


ui 


ah 2 





Determination of Empirical Equation 


The term for virtual mass, w.! has four major parameters as follows: 
d (diameter) (inches) 
N (number of blades) 
MWR (mean width ratio) 
P/D (pitch ratio) 


In equation form W.' can be expressed as follows: 


We' = C4, £(P/D) f(a) £(N) f(MWR) ——(#) 
where © is a constant. 
, rsw 


Analysis of figure by trial and error for P/D term. 
2 2 wi! 


lie C= y/x" where |y= ‘e ~ 0.600 
© P/F1 
y=685 x=.55 x°=.30h |x = 1.350-P/D 
= Sop. 
¢ = a = 2.8 
2 
= ce 
ol «Ol  .028 Shift this curve up 0.0h. 
e ._ Wt 
2 00h 112 {FF 8 = 0,6h0 
o3 609 252 © P/PEL 
ot =o 16 LB x = 1,350-P/D 
0 025 700 This best matches plotted valuss, 


. y= 2.80 x 


“se as 0.60 = 2.80 (1.350-P/D)* 
wT 
© p/D=L 
We! = 2,80 (1.350-P/D)® + 0,640 (2) 
7 
© p/DPl 


e715 € P/D 1.25 


=63= 





The first term f(P/D) is of the form of equation (2). Dividing 
by 2.80 simplifies the expression, 


W' = C ney |(1+350-P/D)° + 0,226 f(d) f£(N) f£(MWR) 


The term f(d) is presumed to be (a? ) since W, should vary as the volume. 
To simplify this expression divide d, the diameter of the propeller in 
inches, by 10. 

mS 2 d,3 
wi= Ores |(2.350-7/0) + 0,226] cy f(N)  f£(MAR) 


5 
The term f(N) is presumed to be in the farm of Nn, This is determined 


from the following comparisons: 


Ww? 
€ 
i 2 oe 7 (3) = 1,225 a = 0.705 
=) 30 
W,' 
a = eh Ql. # 
ma = 2,50 = (5) _ 1.305 a= 0.925 
32 


Select a = 0,8 


SF a ee [(2.350-7/D)" + 04226 380" [ne £( MAR ) 


e 
The term f(MWR) is presumed to be in the fom of (mm) ”. This is deter- 


mined from the following comparisons: 


as (corrected to l blades) = (2.72)(H)" = 3.42 


Ww ¢t 
a dD 
W at = £76 = (3 3) = 2,010 b #1,1L0 
e ; ° 
13 
w? b 
31 = 5 230 (2428 | = | 985 b = 1,120 
W" 9 ba 7 2h 
Select b = 1.13 


~6))- 
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oH 
(1) Ww, lag |(1.350-P/D)° + 0,228| (9) | (cn (cm 23 


The value of the constant is obtained by substituting the data into 


equation (1).. 


Propeller 81 


We" = 0, (.53h)(1.686)(3.03)( 207) = W565 Ce 


Propeller 72 
Wat = Op, (4431 )(1.686)(3003)(.207) = WSS CL. 


Propeller 7) 
We! = C2, (6353)(14686)(3.03)(.207) = 0373 Cg, 


Propeller 73 
wi! > C gy (#290) (1.686) ( 3403) (4217 ) = 306 C 


Propeller 80 — W_' is obviously too high. 
Propeller 30 | 

Wet = C..(6439)(16652)(201)( Hith) = .7a3 C2 
Propeller 28 

Wa! = Cg, (281)(1.651)(20h1)( bb) = b63 CL. 
Propeller 32 

We! = C_5,,(.2536)(1.651)(2.41)( uth) = 418 Co 
Propeller 31 

We! = 0. 5,,( o431)(1.651)(3203)( Ih) = 89h 0. 
Propeller 33 

Wy! = Chgy( ©2505 )(1.651)(3.03)( blk) = .520 C,.. 











7 Wr fl ©. gw EY (equation, Co, 2 D775 
81 2.94 565 5.19 3.26 
72 2.68 olS5 5 87 2.63 
Th. 1.99  .373 5.33 2.15 
73 1.70 4.306 5.56 1.77 
80 2.25 
30 he3l =. 723 5.96 418 
28 2.72 = 3 5,87 2.67 
32 2.50 ~ i168 5 98 2qh1 
31 5.30 89h 5.93 5.16 
33 3026 4520 6.27 3.00 
Osi * nS = 5.773 ; 
(1) mW’ = 35.773 [ (1.350-P/p)* + 0.228] [3407] [uy »4] foun)? 
0750 < P/D <1.25 
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Derivation of Simple Damping Constant 


b = damping constant (Ee) 


K, = thrust coefficient 

T = thrust (lbf) 

ilionk ee") =| 
el 


P = density ( 0938 for F.W. 


He} 
i 


revolutions per second 


aT 
b dv 
O 
th 2h 
= T = nD K 
iy pnp pf t 
J = “o Me = JnD 
nD 
aT on‘D dk, 5 dK 
Os dv. ~ 7 DD ar =P ar 


In the above g (partial derivative of) is indicated by d. 
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C. EXTRACT FROM UNPUBLISHED PAPER 


THE COUPLING OF LONGITUDINAL AND TORSIONAL VIBRATION 
OF MARINE PROPELLER SHAFTING 


Unpublished paper by 23 February 195) 


Frank M. Lewis, Professor, Massachusetts Institute of. Technology 


The longitudinal and torsional oscillations of marine propulsion 
systems are ordinarily calculated on the assumption that they are inde- 
pendent phenomena. In actuality they are coupled through the intermedi- 
ary of the water reactions, so that a torsional excitation produces both 
Longitudinal and torsional motion, and longitudinal excitation does like- 
wise. 

If the longitudinal and torsional frequencies are well removed from 
each other this coupling effect will be of only small importance, but if 
a longitudinal and a torsional frequency are close or coincide, the effect 
Ls very important altering both the position and amplitude of the criticals, 
Anticipating the results to a certain extent it is noted that for coinci- 
dence of the frequencies the virtual inertia and the hydrodynamic damping 
vanish for both longitudinal and torsional vibration, That this should 
be so is obvious on consideration, Assume a propeller consisting of heli- 
coidal surfaces of zero thickness. For equal longitudinal and Ceneilonae 
frequencies a possible mode of vibration consists of a coupled torsional 
and longitudinal motion in which the propeller screws itself back and forth 
through the water. There would be zero virtual inertia for such a motion 
and the damping would te limited to surface friction, a very small effect. 


While for a propeller of finite thickness the inertia and damping effects 





would not actually vanish, they would become small. 

Passing to the derivation of the general relationships it is noted 
that there are two types of coupling, virtual inertia coupling and damp- 
ing coupling. 

The Virtual Inertia Coupling 

There are three virtual inertia factors, these are: 

The virtual inertia for pure torsional motion, the virtual inertia 
for pure longitudinal motion and the coupling virtual inertia, These are 
not independent factors and an approximate relationship between them can 
be derived as follows:-- 

Assume a propeller consisting of helicoidal surfaces, In Fig. (1) 


let AB be a blade element at angle to the plane of the propeller. 
a 
Dy 76 


/Y) 
Let this be given a longitudinal displacement and a tangential dis- 


placement r 9. Resolving these into components parallel and perpendicular 
to the blade elements, there is found to be a normal displacement 
n=xcosQ -r 6 sin 
and a parallel 
p=x sin&+re@cosn 
Only the normal motion will have virtual inertia attached to it so that 
the normal force can be written: 
GF_ = (dm + dm' jn 


and the parallel force 


== 





dF = dmp 
p p 


where dm and dm' are the inertia mass in air and the virtual water mass 
associated with a blade element. Further resolving a and Fo into forces 
parallel and perpendicular to the axis there is found. 


dF. = dF cos A+ oF sin & 


dQ = rdF 


=rdF cosX- rdF sinX® 
S) p n 


substituting and reducing there is obtained 
le drift + dm! (cos x - sin Ocos Ore) 


dQ = dur“6 + dn! (smear @ =r sin&cos&X) 


Summing overall elements. 


i =m +x > dnt eee a) > am! r cosXsing 
6 se Z ; 
O = [7G <x > dnt r sin &cos K+ 6 Dr sino din! 


where m and I are the mass and polar inertia constants W/g, J/g of the 
propeller in air, but excluding the hub, 


Considering the torque expression we note that if x = 0 there is 
pure torsions: motion. It is known then that the virtual inertia is 
equivaisns to an increase of the polar inertia of the propeller of the 
order of 254, Let this fraction be 8. This method of expressing the 
virtual inertia as a fraction of the propeller inertia in air is crude 
but wisl suifice for the moment, 

There is thus obtained 

dm r° gin’ & = BI 
Still considering the torque equation it is noted that the virtual 


inertia terms must vanish if kK and 6 are so related that the propeller 


moves parallel to its helicoidal surface. This condition is expressed by 


Sia 





Pale 


where P is the pitch. Equating the dm' terms to zero with this relation- 


Ds ir: 


ship there is obtained 


2 am r sin&cos O& = aioe 


considering the F, expression the dm’ terms must likewise vanish if 


Ibs 


= P 
2 


@®:- 


This leads to 


Dam cos’ x = 21) ant r sin& cos & = 3: 3 - 


Pp 
This should be the virtual inertia for a pure longitudinal motion, Inser- 
tion of numerical values shows that it comes very close to the .5 value, 
in itself a very crude approximation, which is ordinarily assumed. The 


expressions for the longitudinal force and the torque now become 
Jn. hp?pr ae 2 
eye 6 


Q =1(1 + p) ¢ - S2e x 


These are the final expressions for the inertia forces associated 
with the propeller, fa 

For pure longitudinal and torsional motion these reduce to the values 
ordinarily used and the virtual inertia component becomes zero for motion 
parallel to the helicoidal surface, | 

The expressions can be more conveniently written 


i = my x= m, S 


Q =m 8G-m x 


=—"o= 





when mM» My, mM, are the longitudinal, torsional, and coupling inertia 


coefficients respectively. 

It is now assumed that there exists a simple harmonic longitudinal 
motion x of frequency © superposed upon a rotary simple harmonic motion 
@ of frequency ©. Exciting forces and torques F. and ©) » of frequency & 


likewise act. With k, and k, as the longitudinal and torsional spring 


e 
constants and neglecting damping the vector farce and torque equations 


for a single mass system aret-- 


2 2 
Fo Rpt m Ox - moe = 0 
2 Oe 
Q, ~ kg 9 + mg » 9-m, wx =0 
These equations have the solution ; 
x=re (k, - m w*) fi Ae (=m w) 
ny A : 
Q 2 ¥ 2 
@="e (k -mwo) + “e (=m) 
nN a ae | xX C- 
_ 4k 2 2 , 
where A= wo (mM, = m. ) = wo (mk + kym,) +k, ky (2) 


ay 


The 2 natural. frequencies of the system are given by the roots’ of 
the above equation, iselin, =z 0, 


With the substitutions 


er hr g 1 


p 
my = I (1 + 8) 
m, = 2p 1 


p 


The frequency equation reduces to 
2 
oH Ee + p)m + ee ar? | 
p 


a, cg (m + uf” 81) +k, I(1+ a] + Lae ae 
p 


CY 


-13- 








Considering the 4A = 0 waar as applied to a single degree of 
freedom system it is evident that in the absence of the coupling term 
the roots would be wv ud and we = fp i.e., the separate longitudi- 

. | ip 

nal and torsional frequencies with water inertia included. One of these 
will be higher than the other. The effect of the coupling inertia Mm. is 
to lower the lowest of the two frequencies and raise the higher. It 
will be usual in marine installations for the lowest torsional mode to 
occur at a much lower frequency than that of the lowest longitudinal 


mode. 


(Author's Note: 

The above is a liberal extract from the original paper by Professor 
Frank M, Lewis. It is hoped that there has been no distortion of the con- 
tents by using for the most part only those portions of the paper which 


dealt with our problen.) 





APPENDIX D. 


Instrumentation Data 


Recorder. Sanborn 150 
Model 152-1100 Serial number 18, 
Gages. SR, Baldwin Lima Hamilton 
Type A-7 


Resistance 120.0 ¢ 0.3 ohms 
Gage Factor 1.91 £ 2% 


Lot Noe 232 = LIB72 
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